A simple, inexpensive Laser Doppler Velocimeter (LDV) is described. The design has been optimised for hand -held machine vibration analysis and incorporates a laser diode and a single -mode optical fibre coupler. The laser diode acts as an integrated frequencyshifting light source and the vibration information is extracted by a pseudo -heterodyne technique.
Introduction
Laser -Doppler velocimetry (LDV) is now a well -established technique for non -contact measurement of surface vibration1.2.3. The basic principle of operation relies on scattering light from a surface and observing the Doppler shift in frequency which occurs when the surface moves.
In direct backscatter, the Doppler shift, fp, is given' by fu -2µ.0 /x where µ is the refractive index of the medium, x is the wavelength of the laser light and U is the surface velocity in the direction of the illuminating beam.
In order to determine the surface velocity, it is necessary to measure the Doppler shift unambiguously and this is normally done by optical heterodyning. The surface -scattered light is mixed with another beam of frequency-shifted light on the surface of a photodetector so as to produce an output current which is modulated at the difference frequency.
The purpose of the frequency-shifted reference beam is to provide a carrier frequency which is frequency modulated when the surface moves. Clearly, the amount of frequency shift in the reference beam dictates the maximum amplitude of surface velocity which can be measured.
All laser velocimeters work on the principle described above, differing only in their optical geometries and the means of frequency shifting the reference beam.
The latter requires an additional costly component and previous work has employed Bragg cells, Kerr cells, or rotating diffraction gratings. In this paper we describe a fibre -optic vibrometer which not only avoids the use of a separate frequency -shifting device, but also provides a convenient hand -held fibre probe which can be used in situations where access is restricted. Moreover, the performance is similar to that expected from a good freespace laser design.
Fibre -vibrometer design
Conventional frequency-shifting techniques are not readily compatible with fibres because (a) the light would have to leave the fibre to interact with the frequency shifter and (b) the frequency -shifted and Doppler-shifted light would have to follow different optical paths, thus making them sensitive to environmental disturbances of the fibre. Several authors have recognised the first problem, e.g. Jackson et al4 produced the frequency -shifted reference by ramped phase -modulation using a semiconductor laser diode, whilst Lewin et al5 used sinusoidal modulation of a fibre wrapped around a piezoelectric crystal. To date these schemes have produced carrier frequencies of the order of 104Hz, which is a severe restriction on the highest vibration velocity which can be measured. For general engineering use we anticipate surface velocities up to 10-1 ms-1, which produce Doppler shifts = 2.6 x 105 Hz. Thus at least an order of magnitude increase in frequency shift is required.
The technique we have chosen utilises a pseudo -heterodyne scheme to obtain the frequency-shifted reference. The scheme involves sinusoidal phase-modulation of the laser diode at only 1.05 MHz and thus is easily able to obtain the necessary frequency shift. The design avoids the linearity problems associated with ramped phase -modulation and, in addition, allows the fibres to be used in a common -mode configuration which ensures insensitivity to environmental vibrations.
In this way, we believe we have obtained a truly practical engineering vibrometer.
Introduction
Laser-Doppler velocimetry (LDV) is now a well-established technique for non-contact measurement of surface vibration1 .2,3. The basic principle of operation relies on scattering light from a surface and observing the Doppler shift in frequency which occurs when the surface moves. In direct backscatter, the Doppler shift, fp, is given1 by fo m 2/buU/A where n is the refractive index of the medium, x is the wavelength of the laser light and U is the surface velocity in the direction of the illuminating beam. In order to determine the surface velocity, it is necessary to measure the Doppler shift unambiguously and this is normally done by optical heterodyning. The surface-scattered light is mixed with another beam of frequency-shifted light on the surface of a photodetector so as to produce an output current which is modulated at the difference frequency. The purpose of the frequency-shifted reference beam is to provide a carrier frequency which is frequency modulated when the surface moves. Clearly, the amount of frequency shift in the reference beam dictates the maximum amplitude of surface velocity which can be measured.
All laser velocimeters work on the principle described above, differing only in their optical geometries and the means of frequency shifting the reference beam. The latter requires an additional costly component and previous work has employed Bragg cells, Kerr cells, or rotating diffraction gratings. In this paper we describe a fibre-optic vibrometer which not only avoids the use of a separate frequency-shifting device, but also provides a convenient hand-held fibre probe which can be used in situations where access is restricted. Moreover, the performance is similar to that expected from a good freespace laser design.
Fibre-vibrometer design
Conventional frequency-shifting techniques are not readily compatible with fibres because (a) the light would have to leave the fibre to interact with the frequency shifter and (b) the frequency-shifted and Doppler-shifted light would have to follow different optical paths, thus making them sensitive to environmental disturbances of the fibre. Several authors have recognised the first problem, e.g. Jackson et al* produced the frequency-shifted reference by ramped phase-modulation using a semiconductor laser diode, whilst Lewin et a!5 used sinusoidal modulation of a fibre wrapped around a piezoelectric crystal. To date these schemes have produced carrier frequencies of the order of 10*Hz, which is a severe restriction on the highest vibration velocity which can be measured. For general engineering use we anticipate surface velocities up to 10~1 ms~i, which produce Doppler shifts -2.6 x 105 HZ. Thus at least an order of magnitude increase in frequency shift is required.
The technique we have chosen utilises a pseudo-heterodyne scheme to obtain the frequency-shifted reference. The scheme involves sinusoidal phase-modulation of the laser diode at only 1.05 MHz and thus is easily able to obtain the necessary frequency shift. The design avoids the linearity problems associated with ramped phase-modulation and, in addition, allows the fibres to be used in a common-mode configuration which ensures insensitivity to environmental vibrations. In this way, we believe we have obtained a truly practical engineering vibrometer.
A schematic diagram of the vibrometer is shown in Figure 1 . The light source is a single longitudinal -mode semiconductor laser (Hitachi HLP1400) operating at 830nm. The laser output is launched into one port of a 4 -port single -mode fibre coupler (splitting ratio of 50:50) which has one of its output ports index -matched. The other port forms the vibration probe and is terminated with a Selfoc lens acting as a light collimator. Light scattered from the surface is recaptured by the Selfoc lens and redirected down the fibre via the 4 -port coupler to the detector, where it is mixed with a reflected referencesignal obtained from the fibre -Selfoc interface. The arrangement ensures that the fibre path is common to both signal and reference, thus ensuring that the probe is insensitive to environmental disturbances.
This factor is crucial in the design of a practical engineering instrument.
Theory
Dandridge and Goldberg6 have shown that a change in drive current to a laser diode produces a frequency shift in the output radiation (-1.0 GHz /mA). Thus sinusoidally modulating the laser drive current at a frequency w, sweeps the lasing frequency v by an amount v vo + ov sin coot (1) where vo is the mean laser frequency and ov is the peak frequency shift.
The reflected light ER from the end face of the fibre and the scattered light ET from the target surface will interfere at the detector to produce an intensity which is modulated by their phase difference.
If R is the fibre -end to target distance, the path imbalance is 2R and the current output from the detector i(t) can be expressed by
where a is a constant and for practical purposes, i.e. small vibration amplitudes,
Typically vo >106ov, so for small vibration amplitudes changes in 0, can be assumed negligible.
Normalising equation (2) for the detector output, we can write i(t) = 0(1 + Kcos(m.sinw.t +mr}) (4) where p is a constant relating to optical power and detector sensitivity, and K is a measure of the scattered -signal amplitude (the "fringe visibility ").
Current-modulation of the laser drive-current produces intensity (a) and frequency (nv) modulation of the output.
Therefore the complete expression for the detector output becomes i(t) = p(1 + asinw.t)(1 + Kcos{m.ainw.t+mT}) (5) which can be expanded in terms of Bessel functions? as
Kim and Shaw6 have demonstrated that a signal of this form can be demodulated by mixing with a square wave fs(t) at fundamental frequency w., where fs(t) can be expressed as
After mixing, the resultant signal is bandpass filtered at a frequency 2w, to give a final processed received signal described by A schematic diagram of the vibrometer is shown in Figure 1 . The light source is a single longitudinal -mode semiconductor laser (Hitachi HLP1400) operating at 830nm. The laser output is launched into one port of a 4 -port single-mode fibre coupler (splitting ratio of 50:50) which has one of its output ports index -matched. The other port forms the vibration probe and is terminated with a Selfoc lens acting as a light collimator. Light scattered from the surface is recaptured by the Selfoc lens and redirected down the fibre via the 4-port coupler to the detector, where it is mixed with a reflected referencesignal obtained from the fibre-Self oc interface. The arrangement ensures that the fibre path is common to both signal and reference, thus ensuring that the probe is insensitive to environmental disturbances. This factor is crucial in the design of a practical engineering instrument.
Dandridge and Goldberg6 have shown that a change in drive current to a laser diode produces a frequency shift in the output radiation (~1.0 GHz/mA) . Thus sinusoidally modulating the laser drive current at a frequency a>B sweeps the las ing frequency v by an amount
where VQ is the mean laser frequency and Av is the peak frequency shift. The reflected light E R from the end face of the fibre and the scattered light ET from the target surface will interfere at the detector to produce an intensity which is modulated by their phase difference. If It is the fibre-end to target distance, the path imbalance is 2* and the current output from the detector i(t) can be expressed by
Typically v/0 >106Av, so for small vibration amplitudes changes in <t>M can be assumed negligible.
Normalising equation (2) for the detector output, we can write
where /3 is a constant relating to optical power and detector sensitivity, and K is a measure of the scattered-signal amplitude (the "fringe visibility 11 ).
Current-modulation of the laser drive-current produces intensity (a) and frequency (A modulation of the output. Therefore the complete expression for the detector output becomes
which can be expanded in terms of Bessel functions? as
Kirn and ShawQ have demonstrated that a signal of this form can be demodulated by mixing with a square wave f s (t) at fundamental frequency u>B , where f s (t) can be expressed as After mixing, the resultant signal is bandpass filtered at a frequency 2u>B to give a final processed received signal described by 
However, in practice s = 0T + Eph, where Eph is the error in the measurement of T. From equations (9) and (11), it is clear that Eph will depend on the values of 0m, K, a and 0T. Eph has been evaluated numerically and found to be a cyclic function of 0T, in agreement with Lewin et al5. Figure 2 shows a plot of the maximum absolute phase error IEphimmx as a function of peak phase -modulation amplitude mm for two values of K /a, the ratio between the scattered signal and laser amplitude modulation. Guidelines for operation of the vibrometer correspond to the shaded area. For example, when the ratio K/a > 50 (as is usual) and 0m = 2.82 i 0.04 rad, the maximum absolute phase error will be less than 0.03 rad.
This corresponds to a vibration velocity error of 0.01 x f µm.s-1, where f is the target frequency in Hz, which compares favourably with existing laser vibrometer systems.
Feedback control of 0m
It can be seen from equation (3) that the required laser frequency excursion Ov to ensure m = 2.82 rads is a function of the probe distance Q from the vibrating surface. Since the probe is intended for hand -held application, it is necessary to design an automatic and rapid-acting feedback control to select the appropriate laser drive amplitude for a given working distance.
This also has the advantage of controlling the laser drive to eliminate any variations between different laser diodes, as well as environmental temperature effects. This can be re-expressed as
where cos(2u)wt-6) ,
.. _ E 2 sind>T Since K^ and K2 are both a function of 4>B , and therefore of AV/, they can be equated® by choosing the laser drive to give a value of the phase excursion 4>m * 2.82 rad. Under these conditions 6 -<j>T (equation (11)) and f assuming the error terms E 0 r EI, E 2 can be considered negligible, the detector gated-output (equation (10)) becomes simply /3K1 cos(2o>Bl t-(j,T )
Thus frequency demodulating this output gives the surface velocity according to (see equation (3))
However, in practice 6 = <t>r -f E p hr where E p h is the error in the measurement of 4>j-From equations (9) and (11), it is clear that E p h will depend on the values of $ , K, a and 4>y . Eph has been evaluated numerically and found to be a cyclic function of 4>j, in agreement with Lewin et al5 . Figure 2 shows a plot of the maximum absolute phase error |E p h[»ax as a function of peak phase-modulation amplitude 4>M for two values of K/a, the ratio between the scattered signal and laser amplitude modulation. Guidelines for operation of the vibrometer correspond to the shaded area. For example, when the ratio K/a > 50 (as is usual) and 4>m -2.82 ± 0.04 rad, the maximum absolute phase error will be less than 0.03 rad. This corresponds to a vibration velocity error of 0.01 x f v /on.s-i r where f v is the target frequency in Hz, which compares favourably with existing laser vibrometer systems.
Feedback controj. of <t>,,
It can be seen from equation (3) that the required laser frequency excursion AV/ to ensure <|>H = 2.82 rads is a function of the probe distance a from the vibrating surface. Since the probe is intended for hand-held application, it is necessary to design an automatic and rapid-acting feedback control to select the appropriate laser drive amplitude for a given working distance. This also has the advantage of controlling the laser drive to eliminate any variations between different laser diodes, as well as environmental temperature effects. Clearly, within the range of 4 shown, there is a unique ratio J2(o) /J4(o,) = 4.39 which corresponda to . = 2.82 rad. Filtering of the detector output (equation (6)) to extract the signals at 2wm, 4w, and control of the laser modulation to ensure that their amplitudes satisfy the above condition will automatically set m. = 2.82 rad.
From the slope of the curve it is apparent that if the ratio can be controlled to an accuracy of 4 %, then m, can be determined to within 1.4 %, or to 2.82 * 0.04 rad, which satisfies the guideline expressed earlier.
Practical system
A schematic of the fibre vibrometer probe is shown in Figure 4 . A crystal oscillator and TTL binary counter with filtering were used to generate signals at 1.05, 2.1 and 4.2 MHz. The 1.05 MHz signal was used to modulate the laser through an AGC amplifier.
The signal from the detector (equation (6)) was mixed with the 2.1 and 4.2 MHz signals in two parallel operational multipliers.
Their respective outputs were low -pass filtered (3dB at 150 KHz) to obtain J2(0.)cos4T and J4(0.)cosoT.
The ratio J2(0m) /34(4).) was obtained and used to develop a control voltage to the AGC amplifier, thus controlling the frequency excursion of the laser ev to give 0, = 2.82 rad.
To extract the vibration information, the detector output was gated at frequency 04, using an analogue switch. The phase of the switch transitions were set by a pulse and delay generator triggered from the modulating signal. The switched output was fed to a frequency tracker® which was set to extract the second harmonic of this signal (see equation (10)). The tracker measures dOT /dt, which is equivalent to the Doppler shift, and thus the output gives a voltage proportional to surface velocity.
The optical probe consisted of a protected fibre cable terminated in a mounting containing the Selfoc lens.
Results
Noise floor. To evaluate the vibrometer the surface of a Bruel and Kjaer accelerometer covered in retro-reflective tape was used as a target.
The accelerometer was vibrated at different frequencies with a mechanical shaker and measurements from the fibre vibrometer were compared with those from the accelerometer, using a Bruel and Kjaer dual -channel signal analyser. Figure 5 shows a typical measurement of a sinusoidal vibration at 494 Hz obtained from both instruments. The two measurements are in excellent agreement. At present the noise floor from the fibre vibrometer is slightly higher at --105dB re. lms-1 rms, compared to 110 dB re. lms-1 rms for the accelerometer.
Note also that the fibre vibrometer shows some low-frequency mains feedthrough at --85dB re. lms-1 rms at 50, 100, 150 and 200 Hz.
It is expected that this can be eliminated by circuit improvements.
Frequency response. The frequency response of the fibre system is determined at the moment only by the limitations of the Doppler -signal demodulator (frequency tracker) used. In this case the frequency tracker could follow excursions in the (2w,) frequency up to a maximum slew rate corresponding to a vibration frequency of =20KHz, which is adequate for most engineering purposes.
Dynamic range. The dynamic range of the system is ultimately limited by the presence of sideband frequencies associated with the odd harmonics at ws and 3w,ß respectively. These restrict the dynamic range of the instrument to a frequency bandwidth of * 0.5 MHz. This is equivalent to a velocity range of * 0.2m /s, which is again more than adequate for most engineering purposes. If required, a larger velocity range could be obtained by increasing the laser modulation frequency, several tens of MHz being readily obtainable.
Future developments
Amplitude modulation of the laser imposes the restriction that the ratio K/a should be greater than 50. This can be relaxed, however, by adopting a new signal processing scheme. At present the detector output is mixed (gated) with a square wave.
Alternatively, if the output was mixed with a sinusoidal signal f(t) represented by f(t) = 1 -cos wilt (14) and filtered at 3wm, the signal becomes SPIE Vol. 586 Fiber Optic Sensors (1985) / 41 Figure 3 shows the ratio of the amplitudes of the second and fourth harmonic components , in the signal J2(4>i)/J4(4>») as a function of <t>B . Clearly, within the range of $ shown, there is a unique ratio J2(<l>»)AU(4>i) ~ 4.39 which corresponds to 4>B * 2.82 rad. Filtering of the detector output (equation (6)) to extract the signals at 2t*Br 4c*B and control of the laser modulation to ensure that their amplitudes satisfy the above condition will automatically set 4>B -2.82 rad. From the slope of the curve it is apparent that if the ratio can be controlled to an accuracy of 4%, then 4>B can be determined to within 1.4% f or to 2.82 ± 0.04 rad, which satisfies the guideline expressed earlier.
Practical system
A schematic of the fibre vibrometer probe is shown in Figure 4 . A crystal oscillator and TTL binary counter with filtering were used to generate signals at 1.05, 2.1 and 4.2 MHz. The 1.05 MHz signal was used to modulate the laser through an AGC amplifier. The signal from the detector (equation (6)) was mixed with the 2.1 and 4.2 MHz signals in two parallel operational multipliers. Their respective outputs were low-pass filtered (3dB at 150 KHz) to obtain Jz(<l>B )cos<t>T and J4(<t>B )cos<|>T . The ratio J2(4>nO/J4(<l>iii) was obtained and used to develop a control voltage to the AGC amplifier, thus controlling the frequency excursion of the laser AV to give 4>» « 2.82 rad.
To extract the vibration information, the detector output was gated at frequency UB , using an analogue switch. The phase of the switch transitions were set by a pulse and delay generator triggered from the modulating signal. The switched output was fed to a frequency trackers which was set to extract the second harmonic of this signal (see equation (10)). The tracker measures d<|>T/dt, which is equivalent to the Doppler shift, and thus the output gives a voltage proportional to surface velocity.
Results
Noise floor. To evaluate the vibrometer the surface of a Bruel and Kjaer accelerometer covered in retro-reflective tape was used as a target. The accelerometer was vibrated at different frequencies with a mechanical shaker and measurements from the fibre vibrometer were compared with those from the accelerometer, using a Bruel and Kjaer dual-channel signal analyser. Figure 5 shows a typical measurement of a sinusoidal vibration at 494 Hz obtained from both instruments. The two measurements are in excellent agreement. At present the noise floor from the fibre vibrometer is slightly higher at --105dB re. lms-1 rms, compared to 110 dB re. lms~1 rms for the accelerometer. Note also that the fibre vibrometer shows some low-frequency mains feedthrough at ~ -85dB re. lms-1 rms at 50, 100, 150 and 200 Hz. It is expected that this can be eliminated by circuit improvements.
Frequency response. The frequency response of the fibre system is determined at the moment only by the limitations of the Doppler-signal demodulator (frequency tracker) used. In this case the frequency tracker could follow excursions in the (2wB ) frequency up to a maximum slew rate corresponding to a vibration frequency of *20KHz, which is adequate for most engineering purposes.
Dynamic range. The dynamic range of the system is ultimately limited by the presence of sideband frequencies associated with the odd harmonics at o»B and 3u>B respectively. These restrict the dynamic range of the instrument to a frequency bandwidth of ± 0.5 MHz. This is equivalent to a velocity range of ± 0.2m/s, which is again more than adequate for most engineering purposes. If required, a larger velocity range could be obtained by increasing the laser modulation frequency, several tens of MHz being readily obtainable. de ve lopment s Amplitude modulation of the laser imposes the restriction that the ratio K/a should be greater than 50. This can be relaxed, however, by adopting a new signal processing scheme. At present the detector output is mixed (gated) with a square wave. Alternatively, if the output was mixed with a sinusoidal signal f (t) represented by f(t) -1 -cos wBt (14) and filtered at 3u>B , the signal becomes 
From equation (15) it can be seen that the ratio of error terms to signal terms does not alter with varying signal amplitude terms K, which is a distinct advantage compared to the square -wave demodulation scheme. The remaining requirement is to ensure that the error terms are negligible.
In practice, this is not difficult to achieve for probe to surface distances of > -50mm, when the amplitude modulation (a) will be less than 0.02.
Conclusion
We have developed a practical fibre -optic vibrometer which utilises the pseudoheterodyne scheme to avoid the use of a separate frequency -shifter. The vibrometer is ideally suited to hand -held machine vibration analysis, since it is robust and lightweight, uses inexpensive components and allows access to difficult targets. Performance is already close to that obtainable by other LDV methods and further improvements are expected with some elementary refinements. 
Prom equation (15) it can be seen that the ratio of error terms to signal terms does not alter with varying signal amplitude terms K f which is a distinct advantage compared to the square-wave demodulation scheme. The remaining requirement is to ensure that the error terms are negligible. In practice, this is not difficult to achieve for probe to surface distances of > ~50mm, when the amplitude modulation (a) will be less than 0.02.
We have developed a practical fibre-optic vibrometer which utilises the pseudoheterodyne scheme to avoid the use of a separate frequency-shifter. The vibrometer is ideally suited to hand-held machine vibration analysis, since it is robust and lightweight, uses inexpensive components and allows access to difficult targets. Performance is already close to that obtainable by other LDV methods and further improvements are expected with some elementary refinements.
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Figure 5 Spectral plot of test surface velocity obtained using the fibre-vibrometer compared with that given by an accelerometer.
